Ependymomas are glial neoplasms whose clinical behavior is difficult to predict based on histology alone. Recently, a comparative genomic hybridization study identified frequent chromosome 9p and 13q losses in anaplastic ependymomas, suggesting that p16 and RB alterations may be involved in tumor progression. In order to test this hypothesis further, 101 myxopapillary, conventional, and anaplastic ependymomas (51 spinal and 50 intracranial tumors) were tested for RB and p16 deletions using fluorescence in situ hybridization. Clinical follow-up, ranging from 2 to 198 months (median 46 months), was obtained in 90 cases (91%). RB and p16 deletions were seen in 22 of 92 (24%) and 22 of 89 (25%) informative cases, respectively. Polysomies were more frequent in the grade I and II spinal tumors, consistent with prior reports of increased aneuploidy in such cases. No significant genetic associations were seen with tumor grade, recurrence, or death, suggesting that 9p and 13q deletions do not play a prominent role in the malignant progression of ependymomas, as has been implicated in other glioma subtypes.
Ependymomas are glial neoplasms that constitute 5% of the central nervous system tumors and are the third most common brain tumors in the pediatric age group. The World Health Organization (WHO) classification of these tumors, based on histology, divides them into grade I (myxopapillary), grade II (conventional), and grade III (anaplastic) ependymomas. Histologic grading of these tumors does not predict clinical behavior as accurately as other gliomas, [1] [2] [3] [4] [5] [6] although there are some studies that show a significant association between tumor grade and prognosis. [7] [8] [9] [10] Thus far, the only consistent prognostic variables include extent of surgical resection, with tumor location and patient's age also having some significance.
Ependymomas have been studied cytogenetically for nearly three decades, although few clues have emerged to elucidate their tumorigenesis and identify potential molecular targets for therapy. 11 Measures of proliferative activity (Ki-67 labeling index) as well as p53, bcl-2, tenascin, vascular endothelial growth factor (VEGF) and epidermal growth factor (EGFR) protein expression levels have been correlated with tumor grade and clinical behavior, although none of these have become standard ancillary tools in routine diagnostic settings. 12, 13 Chromosomal abnormalities have also been associated with tumor location, grade, and patient's age. 14 The most common is chromosome 22 deletion, with inactivation of the NF2 gene on 22q12 and loss of its protein product, merlin being specifically implicated in the spinal ependymomas. [15] [16] [17] [18] Data suggest that other 22q-associated genes and other chromosomal regions are likely involved in the intracranial counterparts. Amplification and/or overexpression of mdm2 may also be involved in ependymal tumorigenesis and response of tumor to chemotherapy, 19 although additional studies are needed to confirm this finding. Other reported abnormalities include gains of chromosome 7 and losses of chromosomes 6, 9, 10, 11, 13, and 17. 20, 21 The p16
INK4A (CDKN2A) gene on 9p and the RB gene on 13q are key tumor suppressor genes in a cell cycle regulatory pathway that is commonly inactivated in a wide range of cancer types. The p16 protein inhibits the formation of the cyclin-depen-dent kinase 4/cyclin D1 complex, disrupting its ability to phosphorylate and inactivate RB. The RB protein normally prevents the entry of the cell into the S-phase of the cell cycle by blocking E2F transcription factors from activating the genes needed for DNA replication. Thus, a disruption of either p16 INK4A or RB leads to deregulated cell proliferation and supports tumor progression. 22 A previous study of p16 expression in neuroglial tumors showed that p16 INK4A in ependymomas was expressed only when cellular proliferation had reached a threshold, with recurrent ependymomas having the highest expression levels of p16 INK4A . 23 A recent comparative genomic hybridization (CGH) study identified frequent losses of chromosomes 9 and 13 in anaplastic intracranial ependymomas, suggesting that alterations of this pathway may be critical in the malignant progression of ependymomas, 24 as they are in the diffuse glioma subtypes, astrocytomas, mixed oligoastrocytomas, and oligodendrogliomas. [25] [26] [27] [28] However, this was a small study and clinicopathologic associations were not thoroughly explored. In the current study, we thus assessed p16 and RB gene dosages by fluorescence in situ hybridization (FISH) in a large cohort of ependymomas and correlated the data with tumor grade, site of disease, patients age, and clinical outcome.
Materials and methods

Patient/Tumor Cohort
Archival ependymoma specimens resected between 1990 and 2000 were retrieved from the files of Lauren V Ackerman Laboratory of Surgical Pathology at the Washington University Medical Center in St Louis, MO. All available slides were reviewed and a representative paraffin block was selected per tumor for further study. Sections of 5 mm thickness were cut and mounted on poly-L-lysine-coated slides for FISH. Additional cases were obtained as unstained ependymoma tissue microarray (TMA) slides from the Cleveland Clinic and Emory University pathology files. All tumors were classified as WHO grade I (myxopapillary), grade II (conventional), or grade III (anaplastic) ependymomas based on current (WHO) criteria. 29 Subependymomas were not included in this study. Clinical follow-up was obtained by chart review.
Fluorescence In Situ Hybridization
Single-and dual-color FISH experiments were performed for RB and paired p16 and CEP9 probes as previously reported. 30 Following deparaffinization, the sections were subjected to target retrieval by steam cooking in citrate buffer for 20 min followed by a 20-min cool-down period and a 5-min wash (distilled water). This was followed by pepsin (4 mg/ml) digestion at 371C for 30 min. The slides were then washed in 2 Â SSC and allowed to air dry. Commercially available RB (13q14), p16 (9p21), and CEP9 FISH probes (Vysis, Downers Grove, IL, USA) were utilized. Since no reliable chromosome 13 centromere probes are available (ie, they crosshybridize with centromere 21), single-color RB hybridizations were performed without a reference probe. The probes were diluted in DenHyb hybridization buffer (Insitus Laboratories, Albuquerque, NM, USA) to a concentration of 1:25 (RB) and 1:50 (p16 and CEP9) for whole tissue sections and to a concentration of 1:10 for the TMAs. The hybridization mix (10-20 ml per slide depending on target area) was applied to the sections, followed by simultaneous denaturation of the probe and target DNA at 901C for 13 min. Overnight hybridization at 371C took place in a humidified chamber. Posthybridization washes in 50% formamide/1 Â SSC (5 min) and 2 Â SSC (5 min) were performed at room temperature, and the slides were allowed to air dry. DAPI (0.5 ml/ml; Insitus Laboratories, Albuquers, NM, USA) was used as a nuclear counterstain, and the sections were viewed under an Olympus BX60 fluorescent microscope with appropriate filters (Olympus, Melville, NY, USA).
Sections showing sufficient hybridization efficiency (490% nuclei with signals) were evaluated, with 100-200 intact non-overlapping nuclei scored for the number of fluorescent signals. The cutoffs for abnormalities/deletions were based on counts from non-neoplastic control specimens (temporal lobectomy specimens for seizure control) for each probe. Interpretation of deletion required 450% of nuclei containing one RB or one p16 signal (mean þ 3 s.d. in controls). Cases with monosomy 9 (one CEP9 and one p16 signal) were similarly considered p16 deleted. Relative p16 deletions were defined by p16:CEP9 ratios o0.8 and frequently contained individual nuclei with half as many test signals as reference probe signals (eg, two p16 and four CEP9). Cases with homozygous p16 deletions were recognized by the presence of 420% nuclei with CEP9, but no p16 deletions. Adjacent nonneoplastic cells (eg, endothelial cells) served as an internal control to rule out the possibility of partial hybridization failure, given that CEP9 has a higher hybridization efficiency than p16. For the purpose of this study, all FISH deletion types were considered to be biologically equivalent. Since nuclei with 42 signals were rarely seen in nonneoplastic controls, polysomies (gains) were arbitrarily defined as 45% nuclei containing three or more signals.
Hybridizations were digitally photographed using a high-resolution black and white COHU CCD camera, with a Z-stack motor programmed to capture images at sequential DAPI (one level), FITC (five levels), and rhodamine (five levels) filter settings. Reconstruction into a single superimposed image with blue, green, and red pseudocolors was 
Statistics
Associations between specific genetic alterations and patient's age (pediatric/adult), grade (I and II/ III), tumor location (intracranial/intraspinal), recurrences (yes/no), and patient's death (yes/no) were evaluated based on the w 2 or Fisher's exact tests, depending on the size of the individual groups being tested. Reported P-values o0.05 were considered to be statistically significant.
Results
The study cohort consisted of 101 cases, including 51 spinal ependymomas: nine myxopapillary (WHO grade I) and 42 conventional (grade II). The intracranial tumors (50) included 30 posterior fossa and 20 supratentorial ependymomas, with 32 conventional (grade II) and 18 anaplastic (grade III) examples. The median age was 27 years (range 1-72) for the entire group, 41 years (range 13-69) for the spinal, and 16 years (range 1-72) for the intracranial tumors. There were 36 pediatric patients (o18 years) with a median of 7.6 years, presenting with four spinal and 32 intracranial tumors (11 supratentorial, 21 posterior fossa). They were classified as one myxopapillary, 22 conventional, and 13 anaplastic ependymomas. There were 65 adult patients with 47 spinal and 18 intracranial tumors (nine each of supratentorial and posterior fossa tumors). They were classified as eight myxopapillary, 52 conventional, and five anaplastic ependymomas. There were 91 primary and five paired (primary and recurrent) tumors (10 cases). The representative H&E patterns are shown in Figure 1 .
FISH results were interpretable for at least one marker in 99 (98%) cases total, with 92 (91%) RB and 89 (88%) p16 interpretable cases total. The remaining cases were non-informative due to indeterminate signals or tissue loss, the latter primarily a problem in the TMA sections. The results are summarized in Table 1 , and representative patterns of FISH are shown in Figure 1 .
Deletions of p16 or RB were encountered in 37% of all tumors and did not vary significantly by site of disease, tumor grade, or patient's age (Tables 1 and  2 ). Of the 27 with p16 deletions, eight (30%) had evidence of homozygous deletion. The remainder had loss of only one copy. Polysomies or chromosomal gains were seen more frequently in the myxopapillary and conventional ependymomas than in the anaplastic tumors, particularly those in the spinal cord region. Percentages of polysomic cells ranged from 7 to 76 in individual cases with most in the 20-30 range.
Follow-up was obtained for 90 cases (91%): 45 spinal ependymomas with a median follow-up period of 3 years, 10 months (range 2-198 months), 27 PF ependymomas with a median follow-up of 2 years, 3 months (range 11 days to 167 months), and 18 ST cases with a median follow-up period of 4 years (range 10-153 months).
In all, 17 patients died, two in the postoperative period; seven (41%) had deletions for p16 or RB and five (29%) had polysomies. A total of 24 patients had recurrences, 8 of them had p16 or RB deletions and four of them had polysomies. In all, 14 patients are alive with residual disease, five of them had p16 or RB deletions and two had polysomies. In all, 41 patients are alive with no evidence of disease, 17 (41%) with p16 or RB deletions and 24 (59%) with polysomies. These differences are not statistically significant.
Discussion
Both losses and gains of chromosomes 9 and 13 have been previously reported in cytogenetic studies of ependymomas. 11, 21, 24, [31] [32] [33] [34] Based on the recent finding of CGH detectable losses in high-grade examples, it was suggested that the RB pathway may be specifically targeted in the process of tumor progression. 24 In contrast, our larger study similarly identified a subset of ependymomas with 9p or 13q deletions by FISH, but there were no obvious associations with tumor grade, location, patients age, recurrences, or death. Given that relatively few recurrences and deaths occurred during the clinical follow-up period, it may be that a longer follow-up is necessary to exclude entirely associations with biologic behavior. It is also possible that the number of deletions is underestimated by the FISH technique (eg, small deletions or relative RB deletions in an extensively polyploid tumor). However, our frequencies of 9p and 13q losses are similar to those previously reported using other techniques 11, 14, 24, [32] [33] [34] and there appears to be no clear suggestion of a prognostic association based on the available data thus far. Therefore, it is probable that genes other than p16 and RB may be targeted by the 9p and 13q deletions in ependymomas. Also, other mechanisms of gene inactivation, such as promoter hypermethylation, cannot be excluded by cytogenetic methods, such as FISH or CGH. Nonetheless, a study of 16 ependymomas by Bortolotto et al 31 did not find any evidence of promoter hypermethylation. 31 Similar to our study, the involvement of p16 was relatively uncommon, including three immunonegative cases and one case with homozygous deletion. 35 Polysomies were also observed more frequently in our spinal and low-grade (I and II) neoplasms, consistent with prior observations that the level of aneuploidy/polyploidy is inversely proportional to grade. Contrary to many other tumor types, the anaplastic ependymomas have the fewest and the myxopapillary ependymomas the greatest number of cytogenetic alterations. 33, 36 Polysomies have also been reported more frequently in adult than in pediatric tumors, although it is unclear whether this has more to do with age, location, or tumor grade, since the majority of adult ependymomas are lowgrade spinal examples. 33 Polysomies were seen slightly more frequently in our primary tumors without subsequent recurrence than in those with recurrence, although this difference was not statis- IC, intracranial; MPE, myxopapillary ependymoma; E, conventional ependymoma; AE, anaplastic ependymoma.
Ependymoma FISH V Rajaram et al tically significant. As in prior studies, we also found that polysomies were equally common in primary and recurrent tumors, but there were few of the latter cases in this study. 36, 37 In conclusion, this study shows that 9p and 13q deletions are seen in a subset of ependymomas, although they do not have obvious associations with tumor grade, age, location, or overall prognosis, as they do in the diffuse gliomas. Therefore, they are not likely to play a prominent role in the malignant progression of ependymomas. Lastly, our data suggest that other chromosome 9p and 13q genes may be involved in the tumorigenesis of this tumor type, besides the p16 and RB genes. Further studies are needed to identify candidate genes within these regions.
